It is shown that Laue diffraction patterns may be obtained from a protein crystal using the continuous radiation emitted by a tungsten sealed-tube X-ray source and that precise structure amplitudes may be extracted from these patterns.
Introduction
The recent renewed interest in the use of the Laue method for structure refinement and determination (see, for example, Wood, Thompson & Matthewman, 1983; Helliwell, 1985; Hajdu, Machin, Campbell, Greenhough, Clifton, Zurek, Gover, Johnson & Elder, 1987; Moffat & Helliwell, 1989; Moffat, 1989) has centered almost exclusively on the use of synchrotron X-ray sources. While such sources have the clear advantages of being very intense, tunable and offering a wide wavelength range, they suffer from the major drawback of low availability. The Laue method would have much wider applicability to structure determination if it were possible to conduct quantitative experiments with the continuous Bremsstrahlung radiation and characteristic emission lines from the sealed-tube or rotating-anode X-ray sources found in most laboratories. Previous work has shown that quite precise structure amplitudes can indeed be obtained in this way from crystals of small organic molecules that scatter X-rays strongly (Rabinovich & Lourie, 1987) .
We demonstrate here the feasibility of using a tungsten sealed-tube X-ray source in the laboratory to obtain precise structure amplitudes from Laue diffraction patterns of a protein which scatters X-rays weakly.
Data collection, processing and results
A long fine-focus tungsten tube was connected to a Philips XRG3000 2 kW generator and mounted 0021-8898/91/020146-03 $03.00 horizontally on an optical table. With a 6 ° takeoff angle, the foreshortened image of the focal spot was 0.4 x 1.2 mm. Tungsten was selected as the anode material of highest atomic number for which a sealed tube was conveniently available for this generator. The generator was operated at 60 kV and 40 mA. Since the K-absorption edge of tungsten lies at 68.5 keV, the K-emission lines were not excited. A source-to-crystal distance of 80 mm was used and a collimator aperture of 300 I~m diameter was placed 1 cm in front of the crystal. A home-built rotation camera, constructed around a Klinger optical bench and normally used at the Cornell High Energy Synchrotron Source, CHESS, was used for these experiments. 15 Laue diffraction images were then collected on 10 x 8in Kodak storage phosphors (Bilderback, Moffat, Owen, Rubin, Schildkamp, Szebenyi, Temple, Volz & Whiting, 1988 ) from three crystals of the tetragonal form of hen egg white lysozyme. A crystal-to-detector distance of 225 mm and an exposure time of 3 h were used, both values being chosen on the basis of numerous prior experimental trials (Brooks, 1990) . A shorter crystal-todetector distance would intercept a higher fraction of the higher-resolution single data that are largely stimulated by longer wavelengths (Cruickshank, Helliwell & Moffat, 1987) , but would also produce a higher fraction of spatially overlapped reflections (Cruickshank, Helliwell & Moffat, 1991) . The value of 225 mm was chosen as a compromise between these effects, with no further attempt made at this time to optimize the diffraction geometry in ways that would maximize the number of usable reflections and/or reduce the exposure time.
The images were scanned using a Kodak storage phosphor scanner with a 100 lxm raster. Crystal orientations were determined using the program INDX (Y. Chen, unpublished results). Orientation, cell dimensions and other experimental parameters were refined as described in detail elsewhere (Brooks, 1990) and yielded an agreement between observed and predicted spot center positions of between 38 and 70 Ixm for reflections of roughly 1000 I~m dimensions. Reflections were integrated using a profile-fitting technique and an incident wavelength range of 0.2 to 2.1 A. Both refinement and integra-tion steps used the program LA UE (Smith Temple, 1989 ; Smith Temple, Chen& Moffat, manuscripts in preparation). The wavelength-dependent correction curve, the A curve, was obtained either externally, by comparison with a reference monochromatic data set ( Fig. la) , or internally, by comparison of the integrated intensities of identical or symmetry-related reflections stimulated by different wavelengths (Fig.  lb) (Campbell, Habash, Helliwell & Moffat, 1986; Smith Temple, 1989) . Reflections that were identified as stimulated by a single wavelength lying in the range from 0.4 to 1.05 A and with an I/~(1) greater than 2.0 were then corrected for wavelengthdependent factors using the internally obtained A curve and merged by the program SCALE (Smith Temple, 1989) . This restriction of the wavelength range eliminates all reflections stimulated by the L-emission lines of tungsten at 1.06, 1.10, 1.24, 1.28 and 1.48 ,~ (Fig. l a) .
During data processing, the last three images obtained on two crystals were found to have particularly high values of merging R factors, probably due to radiation damage. These six images were therefore eliminated from the final data set that contained 58.8% of the unique data to 2.5/~ resolution. When scaled to a monochromatic data set obtained using Cu Ka radiation with a single-crystal diffractometer, a scaling R factor of 7.57% on intensity was obtained for all reflections with l/tr(I) > 2.0. Its value varied between 5.8-6.9% at low resolution and 14.6% in the shell at highest resolution (Brooks, 1990) .
Discussion
The Laue data set obtained here with a sealed-tube tungsten source is clearly of high quality and compares favorably with two synchrotron data sets obtained for lysozyme on film (Smith Temple, 1989; Smith Temple, Chen & Moffat, manuscripts in preparation) . This high quality depends, at least in part, on the use of the sensitive low-noise storage phosphor detector instead of film. The storage phosphor detector is particularly superior to film for recording X-rays of short wavelength with ,t < 1 A.
Although accurate protein Laue data may thus be obtained from a sealed-tube X-ray source, the results must nevertheless be considered preliminary. The Laue data reduction programs used, LAUE and SCALE, were intended to be applied to synchrotron data, for which the assumption that the incident X-ray beam is parallel with effectively zero crossfire is valid. This assumption breaks down when dealing, as here, with an extended source, a short source-tocrystal distance and a large aperture collimator. The vertical crossfire here is estimated to be 1.2 °. A consequence of these software limitations is that the tungsten emission lines, whose true linewidth is of the order of 5 x 10 -4/~k, have an apparent linewidth of 0.02 A FWHM (Fig. l a) . In reality, the spot profile depends on, among other factors, the intensity profile across the (foreshortened) focal spot and if this were properly taken into account, the emission lines would approach their true linewidth. Second, a substantial incident X-ray crossfire means that each , compared with the ,~ curve calculated by SCALE using Chebyshev polynomials (line). An empirical scale factor was applied to the Chebyshev curve to superimpose it on the ratio curve. Data from the final set of storage phosphors were used both to make the averages and to calculate the ,~ curve.
position (or pixel) in every spot contains contributions from a small range of wavelengths, rather than the single wavelength that is appropriate when the crossfire is effectively zero, as for a synchrotron source. A correct treatment thus requires analysis of the wavelength range incident on each pixel. Both problems may be attacked by the approach described for monochromatic and quasimonochromatic data by Greenhough, Helliwell & Rule (1983) and by Amdt, Greenhough, Helliwell, Howard, Rule & Thompson (1982) . Modifications to the LAUE programs to account for these effects will be necessary before laboratory Laue methods can be used on a regular basis and are likely to lead to improved data quality. The present values of scaling R factors must therefore be regarded as an upper limit. These modifications will also enable data stimulated by nearly the full incident wavelength range including emission lines to be processed. A substantial reduction in exposure time is possible. Use of a rotating-anode generator with a gold or tungsten anode should reduce the exposure time by a factor of approximately five; and focusing of the white beam by Franks mirrors, a bent toroid mirror or tapered collimators (Thiel, Bilderback, Lewis & Stem, 1989 ) may afford a further reduction by a factor of ten or more. Thus the exposure time on lysozyme crystals such as those used here would be reduced from three hours to a few minutes. Exposure times in this range would open up the possibility of (slow) time-reSolved crystallographic experiments (Moffat, 1989) , without the use of a synchrotron, and of collection of complete static Laue data sets in less than one hour.
This source and optics arrangement may also be well suited to multiple-wavelength anomalousdispersion phasing (reviewed by Moffat, 1988) in the laboratory, perhaps via Laue rotation methods .
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